This study analyzes the steady laminar two-dimensional stagnation point flow and heat transfer of an incompressible viscous fluid impinging normal to a horizontal plate, with the bottom surface of the plate heated by convection from a hot fluid. A uniform magnetic field is applied in a direction normal to the flat plate, with a free stream velocity varying linearly with the distance from the stagnation point. The governing partial differential equations are first transformed into ordinary differential equations, before being solved numerically. The analysis includes the effects of the magnetic parameter, the Prandtl number, and the convective parameter on the heat transfer rate at the surface. Results showed that the heat transfer rate at the surface increases with increasing values of these quantities.
Introduction
The study of flow and heat transfer near a stagnation point has generated a lot of interests amongst researchers because there are many practical situations where fluids flowing impinging normally or obliquely to plane surfaces are encounted. Theories on the stagnation flow and associated heat transfer characteristics would be useful to enhance the technological developments involving related fields of study. Since the development of an exact solution for the two dimensional stagnation flow by Hiemenz [1] and an exact similar solution for the corresponding thermal field by Eckert [2] , studies on the flow and heat transfer near a stagnation point has diversified to produce numerous results for stagnation-point flow and heat transfer, with different geometrical configurations, types of fluids, and boundary conditions. Stagnation point flows and related heat transfer problems are also encountered in problems involving stretching or shrinking sheets. Some examples of these studies can be found in [3 -17] . More recently, Aziz [18] , Magyari [19] , Ishak [20] , Ishak et al. [21] , and Yao et al. [22] considered the similar problem for the case of convective boundary conditions. Aziz [18] considered the classical hydrodynamic and thermal boundary layers over a flat plate in a uniform stream of fluid and demonstrated that a similarity solution is possible if the convective heat transfer associated with the hot fluid on the lower surface of the plate is proportional to x −1/2 . Ishak [20] extended this study by introducing the effects of suction and injection on the flat surface, using the same assumption on the convective heat transfer coefficient at the plate's lower surface. Both Aziz [18] and Ishak [20] assumed a uniform free stream velocity.
The objective of the present study is to extend the work of Aziz [18] to include the effect of a uniform magnetic field applied in a direction normal to the flat plate, with a free stream velocity varying linearly with the distance x from the stagnation-point, i.e. u e (x) = ax. The numerical analysis includes the effects of the magnetic parameter, the Prandtl number, and the convective parameter on the heat transfer rate at the surface.
Problem Formulation
Consider a steady laminar two-dimensional stagnation point flow of an incompressible viscous fluid impinging normal to a horizontal plate as shown in Figure 1 . It is assumed that the free stream velocity is of the form u e (x) = ax, where a is a constant. Further, a uniform magnetic field of strength B 0 is assumed to be applied in the positive y-direction normal to the flat plate. The magnetic Reynolds number is assumed to be small, and thus the induced magnetic field is negligible. The boundary layer equations are [23 -25] 
where u and v are the velocity components in the x and y-directions, respectively, T is the fluid temperature in the boundary layer, ν is the kinematic viscosity, and α is the thermal diffusivity. The boundary conditions for the flow field are
It is assumed that the bottom surface of the plate is heated by convection from a hot fluid of temperature T f which provides a heat transfer coefficient h f . Under this assumption, the boundary conditions for the thermal field may be written as [18] 
with k and T w being the thermal conductivity and the uniform temperature over the top surface of the plate, respectively. Here we have T f > T w > T ∞ .
In order to solve (1) - (5), we introduce the following similarity transformation (see Aziz [18] ):
In the above equations, η is the similarity variable, f is the dimensionless stream function, θ is the dimensionless temperature, and ψ is the stream function defined as u = ∂ ψ/∂ y and v = −∂ ψ/∂ x which identically satisfies (1). Using (6) we obtain
where primes denote differentiation with respect to η.
Substituting (6) and (7) into (2) and (3), we obtain
where Pr = ν/α is the Prandtl number and M is the magnetic parameter defined as M = σ B 2 0 /(ρa). The transformed boundary conditions are
where c = (ν/a) 1/2 h f /k is the convective parameter. It should be mentioned that the free stream velocity u e (x) is a function of x, hence it is different from the work of Aziz [18] and Ishak [20] , in which a uniform free stream velocity was assumed. Due to this, in both their studies, it is required to assume that the heat transfer coefficient h f is proportional to x −1/2 , in order for the similarity solution of the energy equation to exist. In the present study, due to the form of the free stream velocity, u e (x) = ax, this restriction is no longer necessary. The quantities of physical interest are the values of f (0), being a measure of the skin friction, and the heat transfer rate at the surface −θ (0). Our main aim is to investigate how the values of f (0) and −θ (0) vary in terms of the parameters c, M, and Pr.
Results and Discussion
The ordinary differential equations (8) and (9) subject to the boundary conditions (10) were solved numerically using a shooting method described in [15, 16] . Numerical solutions for the momentum equation (8) showed that the skin friction coefficient f (0) increases with the value of the magnetic parameter M, but is not affected by the values of either the convective parameter c or the Prandtl number Pr. This is expected since the momentum equation is independent of the parameters c and Pr. The velocity profiles presented in Figure 2 show that both the fluid velocity and the velocity gradient at the surface increase with the magnetic parameter M. This trend agrees with most earlier studies on the effect of magnetic field on the momentum transfer over a flat plate. Thus, the focus of the present study will be on the heat transfer problem. Table 1 presents the values of −θ (0), which represents the heat transfer rate at the surface, for various values of the magnetic parameter M, the Prandtl num- Table 1 ber Pr, and the convective parameter c. As evident from Table 1 , the values of −θ (0) increase with the values of the convective parameter c, the magnetic parameter M, and the Prandtl number Pr. We notice that the values of −θ (0) for the non-magnetic case (M = 0) when Pr = 0.72 are slightly higher than those given by Aziz [18] and Ishak [20] for the case of a uniform free stream. This is due to the fact that the present study assumes the free stream velocity to be a linear function of x, which accelerates the fluid motion in the boundary layer, and in consequence increases the surface shear stress and the heat transfer rate at the surface. Figure 3 shows the temperature profiles for various values of the Prandtl number Pr when the convective parameter and the magnetic parameter are fixed at c = 10 and M = 0.5, respectively. As evident from this figure, the surface temperature θ (0) decreases as the Prandtl number Pr increases. Furthermore, as the value of Pr increases, the thermal boundary layer thickness decreases, resulting in an increase in the temperature gradient at the surface (in absolute sense). This trend can also be observed from Figure 4 , which shows the variation of the heat transfer rate at the surface −θ (0) with the convective parameter c for various values of Pr. Figure 5 shows the variation of the temperature profiles with the convective parameter c when the magnetic parameter and the Prandtl number are fixed at M = 0.5 and Pr = 7. The figure shows that the boundary layer thickens as c increases, and both the fluid temperature θ (η) and the heat transfer rate at the surface −θ (0) increase with the convective parameter c. Figure 6 presents the variation of −θ (0) with the magnetic parameter M for various values of the Prandtl number Pr and the convective parameter c. The figure shows a slight increase in the heat transfer rate at the surface, (represented by the value of −θ (0)) as the magnetic parameter M increases. Figure 7 presents velocity profiles for various values of the magnetic parameter M for the case when Pr = 10 and c = 5, indicating a slight decrease in the thermal boundary layer thickness and the fluid temperature as the value of the magnetic parameter increases.
Conclusions
We have investigated the fluid flow and heat transfer characteristics of a steady laminar two-dimensional stagnation point flow of an incompressible viscous fluid impinging normal to a horizontal plate, with the free stream velocity of the form u e (x) = ax, and a uniform magnetic field of strength B 0 applied normal to the flat plate, with a convective boundary condition at the surface of the plate. It is found that the applied magnetic field increases the skin friction coefficient f (0), and consequently the surface shear stress. However, the Prandtl number Pr and the convective parameter c have no effect on the skin friction coefficient. Further, the heat transfer rate at the surface, −θ (0), increases with the Prandtl number Pr, the convective parameter c, and the magnetic parameter M.
